The limitations of the doublet-septet mixing models by electroweak oblique parameters of S and T are studied. In the minimal model, the mixture of the septet and the scalar doublet in the standard model (SM) is driven by a non-Hermitian dimension-7 operator. For a smaller bare mass of the septet, ∆S gives a stringent constraint on sin β, for example, sin β 0.22 for M η = 300 GeV.
I. INTRODUCTION
The discovery of the 125 GeV Higgs boson makes the standard model (SM) complete [1, 2] .
However, there is still a possibility that some fraction of this light boson comes from other unknown scalar particles, carrying quantum numbers (I, Y ) under the gauge symmetry of SU(2) L × U(1) Y , for which the electric charge is related by Q = I 3 + Y /2, with I 3 being the third component the of weak isospin I = (n − 1)/2. One example is to impose one or more scalar doublets with the quantum number (2, 1) [3, 4] or singlet (1, 0) [5, 6] to couple with the ordinary SM scalar doublet. It is interesting to note that the vacuum expectation value (VEV) of the singlet or doublet does not change the ρ parameter from unity at tree level [7, 8] , so that these types of the models can only be constrained by the electroweak oblique parameters of S, T , and U [9, 10] , in which S = −0.03 ± 0.10, T = 0.01 ± 0.12, and U = 0.05 ± 0.10 have been given by the recently global fitting [11] . In particular, it has been pointed out that the mixing angles in singlet-doublet mixing [12, 13] , two Higgs doublet [14] [15] [16] [17] , and multi-doublet [18, 19] models are bounded by S and T .
Besides the SU(2) singlet or doublet, there are a series of specific higher multiplets which can also retain ρ = 1, In particular, the SU(2) septet η with Y = 4 is the smallest choice of the multiplet to have the feature [20] . However, the septet with a nonzero VEV via the renormalizable operators is not allowed. Instead, some higher dimensional operators involving the septet and doublet are required to offer the mixings between them [21] . Although the VEV of the septet is not limited by the ρ parameter, electroweak oblique parameters could further constrain it to be v η 20 GeV [22] . Furthermore, the Higgs-gauge and Higgsfermion couplings observed from the LHC also restrict the structure of the septet [23, 24] with v η 6 GeV [25] .
There are also many applications for the scenarios that the extra multiplet cannot preserve the unity for ρ. The value of ρ = 1.0000 ± 0.0009 [11] from the global fitting constrains the VEV of the multiplet up to order of several GeV, which means that the multiplet should be inert from the SM Higgs doublet, with only a tiny mixture allowed. The Higgs triplet model (Type-II seesaw) [26] [27] [28] [29] [30] [31] [32] is one of the typical example in which the VEV of the triplet is limited to be less than O(1) GeV [33] [34] [35] [36] [37] . The constraint on the VEV of the quintuplet (5, 2) was also studied [38] . For the extreme case that the VEV of the multiplet is forbidden by some discrete or continue symmetry, the oblique parameters can help to constrain the mixings of the multiplet with other particles. This type of the models can also contain dark matter if there exists a lightest component carrying a nonzero charge for the symmetry [39] [40] [41] [42] [43] . For more complicated situations, it is worth to explore the possibility that one or more scalar doublets and singlets mix with the septet. This paper is organized as follows. In Sec. II, we review the septet-doublet mixing model and constrain the model from the oblique parameters. In Sec. III, we study the extended septet models. We give our conclusions in Sec. IV.
II. THE DOUBLY-SEPTET MIXING MODEL
It is known that the non-zero VEVs of new SU(2)×U(1) multiplets with (n, Y ) could contribute to ρ with the general form [44] ρ ≡ m
where I = (n − 1)/2 is the total weak isospin of the multiplet and the subscript (i) indicates for the i-th multiplet. From Eq. (1), it is easy to see that both singlet and doublet scalars as well as the septet η : (7, 4) will not change the ρ parameter from unity. We would like to examine some models with the septet to keep ρ = 1 but constrained by the oblique parameters.
We start with a simple model in which η acquires a non-zero VEV and has a mixing with the SM doublet. This model including two scalar components: the scalar doublet
T in the SM, and the septet η, which has the irreducible form consisting of seven independent complex components with the electric charges from Q = +5 to −1, given
The relevant terms of the scalar potential in this model are then given by
Note that the dimension-7 effective operator (1/Λ 3 )ηΦ(Φ * ) 5 in Eq. (3) is a simplest way to construct a higher dimensional operator with a mixture of η and Φ, which is necessary to ensure the nonzero VEV of η at the low energy scale [21] . Other renormalizable gauge invariant terms such as (Φ * Φη * η) and (ηηη * η * ) are not relevant in this paper and will be ignored in this study.
After the spontaneous symmetry broken due to the negative quadratic term of the scalar doublet, it leads to the VEV with Φ 0 = (v Φ + R Φ + iI Φ )/ √ 2, and the the neutral part of the septet also acquires the VEV with η 0 = (v η + R η + iI η )/ √ 2 via the dimension-7 operator.
Then, we can take all mixing states of the doublet and septet into account, including neutral, singly charge, and doubly charged states. We discuss the mass spectrum of the septet by following the formulae in Ref. [21] . In general, the weak and mass eigenstates of the scalars can be expressed by
where α and β are the mixing angles 1 with tan β = (4v η )/v Φ , and the 3 × 3 matrix U is given by
where Π ab (p 2 ) are the coefficients of g µν for the vacuum polarizations of gauge bosons a and
under the momentum transfer p 2 . For ∆U = 0, the deviation parameters of ∆S and ∆T from the data are ∆S = 0.00 ± 0.08 and ∆T = 0.05 ± 0.07 [11] , respectively.
We show the formulae of ∆S and ∆T in Appendix B. Both of them only depend on M η and tan β, with the one-to-one correspondence in the interesting area of the S − T plane, in the sense that there is no intersection among the curves with a constant M η (or tan β)
as shown in Fig. 1 . In general, ∆S is negative, whereas ∆T is always positive. Turning off the dimension-7 interaction will go back to an inert septet without a VEV, for which ∆T = 0, while ∆S approaches zero for a large M η . Notice that the allowed region by the observation at 90%C.L. is positively correlated between ∆S and ∆T [11] , so that for a larger value of M η the restriction on sin β does not become much more strongly despite its larger contribution to ∆T . As an example, we have sin β 0.21 for M η = 200 GeV, while sin β 0.22 for M η = 300 GeV. Similar results about the oblique parameters in this model were also discussed in Ref. [21] .
III. APPLICATIONS
A. Mixing between η : (7, 4) and χ : (2, 1) We consider the model with an extra doublet χ = (χ + , written as
Note that the Z 2 symmetry forbids the mixing of χ or η with the SM doublet Φ. Here, the quarter terms associated with (Φ * Φ)χ * χ has been ignored, and the dimensional seven operators, ηχ(Φ * ) 5 and ηΦ(Φ * ) 4 χ * , are imposed to yield the mixing between χ and η. Without the last term in Eq. (11), the model will be reduced to the ordinary inert doublet one [47] [48] [49] [50] [51] [52] [53] , in which the mass spectra are given by
The above masses turn into degeneracy when λ 5 approaches zero. The mass splittings inside χ are the crucial quantities to give sizable contributions to T or S. The deviation of the T parameter for the inert doublet is [49] ∆T = 1 16πm
It is interesting to note that ∆T can be negative when there exists a large mass splitting between χ R and χ I , which is governed by M χ and λ 5 . Note that in this case η only contributes to ∆S, but not to ∆T .
The next step is to take into account the interaction between χ and η. We separately study the effects on masses of neutral and singly charged states with some non-zero values of C a and C b , given by
where M x1 and M x2 are two mass eigenvalues of χ and η, and θ x are mixing angles with x = R(I) and ± corresponding to the real(imaginary) part of the neutral and charged components, respectively. When taking the condition M x < M η , it is obvious that M x1 < M x2 , which will be applied thereinafter. We list the mixing angles for two special cases as follows:
(i) : C a = 0 and C b = 0 :
(ii) : C a = 0 and C b = 0 :
where
The relevant coefficients in the above formulae can be found in Appendix A. For the limit of λ 5 → 0, we find that |θ R | = |θ I | < |θ ± | for (i), which means that M R1 = M I1 > M ±1 , so that the lightest inert component is M ±1 . Therefore, the stable neutral particle does not exist in this case. However, the situation for (ii) is opposite
, resulting in a stable DM. Notice that in the above discussion the mass splitting scale generated by the mixing is usually larger than the quantum corrections by gauge bosons (see Ref. [40] ).
The explicit formulae for ∆T and ∆S are given in Appendix B. By fixing M χ = 250 GeV, we plot them as functions of the coupling constant d b for (ii) in Fig. 2 . From the figure, we see that ∆S is always negative, whereas ∆T is positive. The magnitudes of ∆T raises with increasing d b , and a larger M η gives smaller ∆S and ∆T . For around 1.5σ deviation of an observed ∆T , that is, ∆T < 0.12 [11] , we have the upper bounds of d b < 1.5, 1.8, and 2.1 for M η = 300, 400, and 500 GeV, respectively. On the other hands, the constraint by ∆S is relatively weak. We now study the mixing of η with a doubly-charge SU(2) L singlet ρ : (1, 4), which can have the lepton number −2 due to the coupling with the charged lepton ρl c R l R . If η 0 acquires a VEV and ρ mixes with η ++ , then the lepton number is broken. Majorana neutrino masses can be generated through a two-loop diagram involving the interaction ρ −− W + W + [54] [55] [56] [57] [58] . To mix ρ and η, like the scenario of the mixing between η and Φ, some other higher dimensional operator are needed to achieve this goal in addition to the original one, ηΦ(Φ 5 ) * , which gives a nonzero v η . A dimension-8 operator ρηΦ 3 (Φ 3 ) * is one of the possibility to drive the ρ − η mixing. In this case, the potential is given by
where Λ ′ is the mass scale related to the dimension-8 operator. Here, some of the quarter terms have been ignored. We will focus on the discussion of the effects on the oblique parameters by the mixing pattern independent of the source of the mixture.
The doubly-charge mixing can be parametrized as:
where θ is the mixing angle and P 1,2 are the two mass eigenstates. The mass eigenvalues are then derived directly by
To study the influence on the electroweak structure, it is important to distinguish the deviations of the oblique parameters from different sources. Hence, The deviation of T can be decomposed into two parts, ∆T = ∆T 1 + ∆T 2 , where ∆T 1 corresponds to the contribution from the η − Φ mixing, which is the same as the result in Eq. (B6), while ∆T 2 is the rest given from the doubly-charge mixing, given by
The identical quantum numbers of I 3 and Y between η ++ and ρ ++ make the relevant contribution to ∆T to be large because of the absence of
). As a result, the mass splitting of doubly-charge eigenstates is constrained stringently. Similarly, ∆S = ∆S 1 +∆S 2 , where ∆S 1 is the same as Eq. (B1), while ∆S 2 is given by
It is obvious that the contribution from ∆S 2 is tiny, because I 3 is zero for both ρ ±± and η ±± , which makes the corresponding result proportional to s 4 W . Our numerical results are shown in Fig. 3 , where we have used sin θ = 0.04 and 0.08, together with M ρ = 250 GeV as illustrations. When M η is large, say, M η 400 GeV, ∆T 2 can yield a significant contribution to ∆T , so that the distortion in the S − T plane appears, which is obvious in comparison with the ordinary figure in Fig. 1 . For a larger value of sin θ, the deformation is more apparent. Explicitly, we find that with M η = 400 GeV, sin β 0.2 (0.15) for sin θ = 0.04 (0.08). with M ρ = 250GeV, where the gray region corresponds to the global fitting results at 90% C.L [11] .
IV. CONCLUSIONS
We have studied the model including a mixing term between the SM Higgs doublet and an extra septet η : (7, 4) To calculate the mass spectra in the doublet-septet mixing model, the first step is to deal with the non-hermitian effective coupling, which can be expanded as
where we have only shown the relevant terms to provide the quadratic mixings of η and Φ after the spontaneous symmetry breaking. The tadpole conditions in the potential are
The mixing matrix of the imaginary part is
Similarly, the mass matrix of the neutral part is
From Eqs. (4) and (A4), we get two relations:
which lead to the expressions of M 
We now show the mixing pattern between the inert doublet and septet discussed in Sec. 3.
We have two types of the mixing models: (i) ηχ(Φ * ) 5 , and (ii) ηΦ(Φ * ) 4 χ * . Like the procedure in the beginning of this section, we extract the terms relevant to the χ − η mixing for (i) and (ii): 
